The role of telomere biology and telomerase activation in skin cancers has been investigated in melanoma and basal cell carcinoma but limited evidence is available for cutaneous squamous cell carcinoma (cSCC). We will review the current knowledge on the role of telomere and telomerase pathway in cSCC pathogenesis. At the somatic level, both long and short telomere lengths have been described in cSCC. This telomere dichotomy is probably related to two different mechanisms of tumour initiation which determines two tumour subtypes. Telomere shortening is observed during the invasive progression from in situ forms of cSCC, such as Bowen's disease (BD) and actinic keratosis (AK), to invasive cSCC. At the germline level, controversial results have been reported on the association between constitutive telomere length and risk of cSCC. Approximately 75-85% of cSCC tumours are characterized by a high level of telomerase activity. Telomerase activation has been also reported in AKs and BD and in sun-damaged skin, thus supporting the hypothesis that UV modulates telomerase activity in the skin. Activating TERT promoter mutations have been identified in 32-70% of cSCCs, with the majority showing the UV-signature. No significant correlation was observed between TERT promoter mutations and cSCC clinico-pathological features. However, TERT promoter mutations have been recently suggested to be independent predictors of an adverse outcome. The attention on telomere biology and telomerase activity in cSCC is increasing for the potential implications in the development of effective tools for prognostic assessment and of therapeutic strategies in patients with cutaneous cSCC.
Introduction
Cutaneous squamous cell carcinoma (cSCC) accounts for 20% of all non-melanoma skin cancers (NMSCs) and is the second most common NMSC in white populations [1, 2] . The lifetime risk of developing cSCC is 7-11% in USA [3] . The incidence of cSCC has been increasing in the last decades [4] with rates of 15.8 cases per 100,000 in Europe [5] . cSCC is twice more common in men than in women and the mean age of cSCC occurrence is 70 years. Old age, fair skin type and chronic exposure to ultraviolet (UV) radiation are the major risk factors for the development of cSCC with 90% of the tumours arising on sun-exposed areas such as the head and neck region, dorsum of the hands and the forearms [6, 7] . cSCCs can clinically appear as a small plaque or an asymptomatic nodule that increases in size over time, often ulcerating. Other clinical forms of cSCC include Bowen's disease (BD), which represents an in situ cSCC usually occurring on non-sun exposed areas and the crateriform (keratoacanthoma), ulcerated, necrotic and vegetative subtype [8] . cSCC often arises in the context of actinic keratosis (AK), which can become hyperkeratotic and infiltrating over time [9] . While most cSCCs develop in the context of an AK, the AK progression rate into invasive cSCCs is less than 1/1000 per year over a 5-year follow-up [10] . Prompt diagnosis and surgical removal offer the best chance of cure, with only 5-8% of cSCC patients experiencing metastases [11] . Tumour depth greater than 2 mm, Clark level of IV or more, perineural involvement, primary site on the ear or non-hair-bearing lip and poorly differentiated tumour are considered high-risk features for the development of metastases [12] .
As in the majority of other skin cancers, a number of molecular aberrations are required for initiation of the tumorigenic process, including a modified cell cycle control, onset of genomic instability, establishment of a telomere maintenance mechanism, induction of angiogenesis and of a pro-inflammatory environment [13] . The most common somatic mutations in cSCC occur in the tumour suppressor gene TP53. TP53 mutations represent an early event in carcinogenesis since they are frequently detected in AKs and in in situ cSCC. Mutations in the TP53 gene determine resistance to apoptosis, thus allowing clonal expansion of mutated cells. UVB exposure is responsible for a significant proportion of TP53 mutations that mainly occur at pyrimidine dimer sites [14] . Moreover, loss of function alterations in tumour suppressor genes, including CDKN2A and NOTCH 1/2 and aberrant activation of EGFR and HRAS genes, have been reported in cSCC pathogenesis [15] .
Several studies support the role of telomere biology and telomerase activation in the development of malignant skin cancers. It has been extensively reported in melanoma and, more recently, in basal cell carcinoma (BCC), while limited data are available in cSCC [16] [17] [18] [19] [20] . In this review, we will summarize the current knowledge about the role of telomere and telomerase pathway in cSCC pathogenesis.
Physiologic Role of Telomeres
Telomeres are nucleoprotein complexes present at the ends of eukaryotic chromosomes with the main role of preserving chromosome integrity and genome stability, avoiding the ends from being recognized by the DNA damage surveillance pathways and undergoing fusion and recombination [21, 22] . They consist of several replications of the TTAGGG sequence, accounting for a telomere length of approximately 10-15 kb in humans [23, 24] . During the lifetime of a normal somatic cell, DNA polymerase is unable to replicate the final bases prior to cell division, thus determining telomere shortening at each round of cell division and creating a replication limit [25] [26] [27] . Telomere shortening has been proposed to represent a 'mitotic clock' and a cellular mechanism to calculate cell divisions [28] and is thought to protect against malignant transformation. A failure of this process could result in genomic instability and carcinogenesis. Critical shortening of telomeres determines that cells recognize their chromosome ends as double-strand interruptions and the damaged chromosomes might undergo fusion or instability [29, 30] . Therefore, telomeres are essentially unstable and represent fragile sites. The shelterin complex binds telomeres and guarantees stability assisting the replication process. It is composed of six subunits, three proteins (TRF1, telomere repeat binding factor 1; TRF2, telomere repeat binding factor 2; POT1, the protection of telomere protein 1) that bind directly to telomeric DNA and three (RAP1, repressor-activator protein 1; TIN2, TRF1 and TRF2 Interacting Nuclear Protein 2; TPP1, TIN2 organizing protein) that mediate the interaction between components [31] [32] [33] . Shelterin proteins also cooperate with other elements that transiently localize on telomeres in a cell-cycle dependent manner and aid in creating a shielding T-loop at the chromosome ends [32] (Figure 1) . TRF1, telomere repeat binding factor 1; TRF2, telomere repeat binding factor 2; POT1, protection of telomeres protein 1; TPP1, abbreviation derived from TINT1/PTOP/PIP1; TIN2, TRF interacting nuclear factor 2; RAP1, Repressor/activator protein 1.
Constitutive telomere length is a polygenic trait with high estimated heritability and has been associated with nine different genetic loci, six of which harbouring genes related to telomere homeostasis [24] . Two major pathways have been described to maintain telomere length. The first pathway is represented by the activation of telomerase which elongates telomeres by adding hexameric 5 -TTAGGG-3 tandem repeats to the chromosomal ends and the second one is an alternative, non-telomerase-dependent mechanism known as alternative lengthening of telomeres (ALT) [34, 35] . TRF1, telomere repeat binding factor 1; TRF2, telomere repeat binding factor 2; POT1, protection of telomeres protein 1; TPP1, abbreviation derived from TINT1/PTOP/PIP1; TIN2, TRF interacting nuclear factor 2; RAP1, Repressor/activator protein 1.
Constitutive telomere length is a polygenic trait with high estimated heritability and has been associated with nine different genetic loci, six of which harbouring genes related to telomere homeostasis [24] . Two major pathways have been described to maintain telomere length. The first pathway is represented by the activation of telomerase which elongates telomeres by adding hexameric 5′-TTAGGG-3′ tandem repeats to the chromosomal ends and the second one is an alternative, nontelomerase-dependent mechanism known as alternative lengthening of telomeres (ALT) [34, 35] .
Telomerase is a ribonucleoprotein enzymatic complex involved in the stabilization of telomeres. It is capable of adding telomeric repeats (TTAGGG)n sequences to the ends of chromosomes and therefore of discontinuing shortening of the chromosomes with each cell division [36] . Telomerase is composed by a reverse transcriptase heterodimer formed by a noncoding RNA template (TERC, telomerase RNA component) for de novo synthesis of telomeric DNA sequences and by an enzymatic subunit (TERT, telomerase reverse transcriptase) [37] . Dyskerin, Telomerase Cajal body protein 1 (TCAB1) and nuclear protein family A, member 3 (NOP10) are associated with the telomerase complex and play important functions in telomerase recruitment to telomeres and in the subcellular localization of the telomerase complex [38, 39] (Figure 2 ).
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Telomere elongation relies on telomerase, a ribonucleoprotein including a catalytic subunit telomerase reverse transcriptase (TERT) and an RNA component (TERC). Telomerase extends telomeres by adding hexameric 5′-TTAGGG-3′ tandem repeats to the chromosomal ends via reverse transcription using an intrinsic RNA template region (UCCCAAUC). TERT protein comprises Telomeres are nucleoprotein structures composed of double-stranded short repeated sequences ending in a single-stranded G-rich overhang. Telomeric DNA is coated by specialized proteins that form the so-called shelterin complex. This group of proteins comprises six components: three DNA-binding proteins and three proteins that act as adaptors and mediate interactions among components. TRF1 and TRF2 bind the double strand DNA, while POT1 accumulates at the single-stranded G-rich overhang via TPP1 to protect telomeres. TPP1 connects with TIN2 that plays a role in stabilizing the shelterin complex through simultaneous binding with TRF1, TRF2 and TPP1. RAP1 facilitates the function of TRF2 and improves protection of telomeres through the formation of telomeric loop, T-loop.
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Telomerase activation is predominantly regulated at the transcriptional level. The TERT gene is situated on chromosome 5p15.33. The core promoter region of this gene consists of 260 base pairs with several binding sites that regulate gene transcription [20] . In addition, TERT expression is regulated by c-Myc, Mad1, the receptors for the hormones estrogen and progesterone, AP-1, NF-kB, Rb/E2F factors, CEBP-alpha and CEBP-beta [40, 41] . Moreover, the Wnt/beta-catenin pathway and the KLF4 were reported to regulate TERT gene expression and telomerase activity in stem cells [42, 43] .
Telomere Biology in Cancerogenesis
The role of telomere biology in tumorigenesis is complex and influenced by multiple mechanisms. Molecular alterations of telomere and telomerase pathways play a pivotal role in cellular immortalization, tumorigenesis and progression of cancer.
The majority of cancerous tissues have short telomeres [44] . Telomere shortening is a natural consequence of cell division that trigger cellular senescence. Moreover, it is influenced also by oxidative damage and replicative stress caused by genetic, epigenetic and environmental factors [24] . In the absence of a signal for repeated elongation, telomere shortening acts as a tumour suppressor mechanism. However, in cells undergoing replicative senescence, the gain of oncogenic changes (i.e., in p53 and p16) could allow to bypass senescence and induce cellular divisions until multiple telomeres critically shortened (telomere crisis) [20] . This induces chromosome breakage-fusion-bridge cycles that bring genomic instability and extensive cell death. In this context, rare cells can bypass the crisis and become immortal by the reactivation of telomerase or by ALT mechanism [22] . Therefore, genomic instability, a basic hallmark of most cancers, would be more evident with short telomeres.
The relation between shortened telomere length and cancer has been investigated in several studies [45] . Shorter telomeres have been reported in bladder, esophageal, gastric, head and neck, ovarian, renal cell carcinoma and have been associated with poor overall survival [46, 47] . However, individuals with constitutively long telomeres and/or variant genes associated with long telomeres exhibit increased risk of major cancers as melanoma, breast, lung adenocarcinoma and prostate cancer [48] [49] [50] . Increased risk of cancers due to long constitutive telomeres, instead of shorter, has been termed as a paradox [44] .
Telomerase activity is gradually downregulated during embryogenesis and is usually suppressed in adult somatic cells, mainly due to repression of TERT gene expression [41] . However, adult stem cell compartments and highly proliferating cells such as proliferating B-and T-cells and the regenerating hepatocytes maintain low levels of telomerase activity [51] [52] [53] [54] . Reactivation of telomerase is a key event in carcinogenesis and allows proliferative cancer cells to preserve telomere length [55] . Increased telomerase activity has been described in a high percentage of tumors and transcriptional alteration of the TERT gene is the major cause of its cancer-specific activation. In addition to its role in maintaining telomere length, telomerase exhibits multiple biological activities independently of its telomere-lengthening function. Aberrant TERT expression was shown to promote malignant transformation by influencing many processes such as cell signaling, proliferation, apoptosis and migration. Recently, TERT overexpression has been demonstrated to promote invasion in cancer cells through the acquisition of an invasive mesenchymal phenotype (epithelial-to-mesenchymal transition) and stem cell-like traits [56] [57] [58] .
TERT promoter mutations represent a key mechanism for cancer-specific telomerase activation, especially in cancers developing from tissues with low rates of self-renewal [59] . TERT promoter mutations have been found to influence the transcriptional regulation of the TERT gene and were identified in several cancers including melanoma, NMSCs, bladder cancer and glioma [17, [60] [61] [62] [63] .
There is much evidence supporting the influence of telomere length and telomerase activity in the pathogenesis of malignant skin cancers. The incidence of malignant skin cancers is increased in the presence of mutations in genes implicated in the maintenance of telomere integrity [32, 64] and among patients suffering from telomere-related genetic syndromes [65] . Telomere length was positively associated with nevus count [66] , which is the major indicator of melanoma risk [24] . Germline analysis in melanoma patients demonstrated the role of longer constitutive telomeres in melanoma development [67, 68] . Longer telomeres in melanoma families were associated to telomerase reactivation mainly due to TERT promoter mutations. On the contrary, at the somatic level, recent evidences demonstrated that short telomeres are related with poor melanoma-specific survival [24] . The explanation might be that longer telomeres allow generous time for cell division thus explaining the association with increased risk of developing cancer. Nevertheless, once a patient has developed the cancer, shorter telomeres would likely lead to rapid chromosomal fusions and aneuploidy determining a poor outcome [69] . An increased risk of BCC was associated with shorter constitutive telomeres [70] , although at the somatic level BCC telomeres were not found to be shortened in comparison to control epidermis [71] . Recent studies identified a high prevalence of TERT promoter mutations in BCC tumors [72] . The majority of TERT promoter mutations present an UV-signature with C > T or CC > TT modifications, supporting a pivotal role of UV exposure.
Telomere and Telomerase Activity in Cutaneous Squamous Cell Carcinoma
cSCCs are characterized by a high frequency of chromosomal aberrations and a high level of genomic instability [73] , which might be related to telomere biology alteration [74] . However, it is still debated how telomere biology and telomerase activation contribute to tumor development (Table 1) .
Telomere Length
Preliminary evidences that telomere length might be involved in cSCC development come from studies performed in transplanted patients. In this first study, telomeres were shown to be consistently longer in BD and cSCC tumors of transplanted patients as compared to those of non-transplanted patients and were shorter in tumor specimens as compared with their matched normal skin [75] . Leufke et al. (2014) evaluated the telomere profile in cryopreserved cSCC tissues demonstrating that telomere length determines two tumor subtypes, one exhibiting short/medium telomeres with a homogeneous size distribution across the tumor and the other one characterized by long telomeres associated with heterogeneous size variation [76] . Interestingly, this telomere dichotomy was observed in cSCC from renal transplant recipients, suggesting that both telomere subtypes contribute also to cSCC under immunosuppression. Demographic and clinical features such as tumor histotype, location, patient's sex and age failed to discriminate the two cSCC telomere phenotypes. This telomere dichotomy was not limited to cSCCs but was already observed in AKs, suggesting that AKs are the precursor lesion of both cSCC subtypes and confirming two potential different mechanisms of tumor initiation in cSCC [76] . It has been hypothesized that AKs and SCCs characterized by a homogeneously short/intermediate telomere phenotype originate from stem cells in the basal layer which is considered as the tumor-initiating cell. On the other hand, it remains unclear by which event and from which cell the long/heterogeneous telomere phenotype originates. Finally, cSCC with a heterogeneous telomere phenotype generally exhibited more genetic aberrations, with multiple chromosomal gains as well as frequent loss of genetic material, compared to those with the homogeneous profile. A higher degree of aberrant p53 and cyclin D1 expression has been related to long/heterogeneous telomeres [76] .
The relation of telomere length with the malignant potential of different NMSCs was analyzed in AK, BD, BCC and cSCC tumours and surroundings epidermal tissues by calculating the telomere centromere ratio (TCR), which reflects telomere length more accurately than other experimental procedures [77] . TCR values for cSCC were significantly lower than those for BD and AK (cSCC < BD < AK) and peritumoral epidermal cells had higher TCR values than tumour cells. These findings demonstrated that tumour biological behaviour was intrinsically related to telomere length and that telomere shortening is consistent with the invasive progression [77] .
Regarding constitutive telomere length at the germline level, the photoaged phenotype of patients with cSCC is expected to reflect an increased senescence and therefore shorter telomeres [66] . Results of three independent studies on constitutive telomere length and risk of cSCC were recently reviewed and a clear association was not found [78] . Han analysed constitutive telomere length by quantitative real time PCR in a nested case-control study, including 254 cSCC cases and 273 controls. They did not observe a significant association between relative telomere length and cSCC risk [70] . Similar findings were reported by Liang and colleagues in 241 cSCC cases and 241 controls [79] . Contrariwise, longer telomeres were inversely associated with cSCC risk in a clinic-based case-control study evaluating 136 cSCC patients and 372 controls [80] . Long telomeres were shown to be protective for cSCC, with a OR of 0.01 [95% CI: 0.00-0.05] [80] . A cumulative summary relative risk was not calculated due to the very large heterogeneity between the three studies [78] .
Telomerase Activity
Activation of the telomerase enzyme is considered an essential step in skin carcinogenesis. A high telomerase activity was reported in 75-85% cSCCs, with no association with tumour histotype, location or aggressiveness and was also detected in peritumoral skin, although its level was significantly lower than in affected skin [18, 81] . Another study reported opposite results with a high telomerase activity in only 25% of cSCCs. These authors hypothesized that the low enzymatic activity might be related to the limited aggressiveness and low metastatic rate of the majority of cSCC included in their study [19] . Interestingly, no association between telomerase activity and telomere length was found. When cSCC was compared to BCC, a higher level of telomerase activity was observed in cSCCs than in BCC speculating that this might explain the different malignant potential of these tumour types [18, 82] .
Telomerase activity was found to be elevated in AKs and in sun-damaged skin compared to sun-protected sites, thus supporting that UV modulates telomerase activity in the skin [16] . In line with these findings, telomerase activation was shown to be involved at an early stage during cSCC carcinogenesis, since it was detected not only in cSCCs but also in AKs and BD and preceded the occurrence of UV-associated p53 mutations in the skin [81] .
TERT is the rate-limiting component of the telomerase complex. The change in TERT expression during the different steps of skin carcinogenesis was analysed in keratoacanthomas (KA), as a paradigm for early tumour and in cSCCs, as the representative of invasively growing late-stage tumour. The immunochemical analysis of TERT expression showed no significant difference between KA and cSCC tumours. Half of the tumours in both groups showed TERT staining in 30-70% of the nuclei and the remaining cases a weak TERT staining. TERT expression did not specifically increase during progression of cSCC, suggesting that telomerase upregulation might not be needed as an additional step during the carcinogenesis process. Notably, in the majority of AK and cSCC the expression was restricted to focal areas, indicating that only certain populations of tumour cells may have gained the ability to express substantial level of TERT [83] .
The potential mechanism of TERT re-activation has been attributed to genetic changes within the promoter of the gene that harbours binding sites for numerous transcription factors. TERT core promoter mutations at the somatic level have been well described as main responsible for telomerase activation in melanoma and BCC, while only few studies analysed cSCC. Activating TERT promoter mutations have been identified in 31.6 % to 70% of cSCC lesions in four different studies, including a total of 239 cases [72, [84] [85] [86] . The most frequently identified mutations were c.−146 C > T and c.−124 C > T. Overall, all mutations showed a UV-signature (C > T and CC > TT) consistent with an etiologic role for UV exposure in the development of cSCC [72, [84] [85] [86] . The mutation rate was higher in invasive cSCC (34.7%) than in in situ cSCC (19.4%) [85] . No significant correlation between TERT promoter mutations and clinical pathological features was observed [72] . Interestingly, the prognostic value of TERT promoter mutations has been reported in cSCC, with TERT promoter mutations (OR, 8.11; p = 0.002) and age > 75 years (OR, 14.84; p = 0.013) identified as independent predictors of recurrences and metastases.
At the germline level, the association between 39 SNPs at telomere-related loci, including TERT, TRF1, TRF2, TNKS2, POT1, TERT-CLPTM1L and the risk of skin cancer was investigated in a nested case-control study including 285 Caucasian cSCC patients. No significant association was observed between the genotyped SNPs and cSCC risk [87] . 
Conclusions
It is still a matter of debate how telomere biology and telomerase activation contribute to skin carcinogenesis and controversial results have been reported for cSCC, mainly due to limited available evidences.
Two telomere profiles have been described in cSCCs at the somatic level, one exhibiting short/medium telomeres with a homogeneous size distribution within the tumour and the other with a long/heterogeneous profile. This telomere dichotomy is probably explained by two different mechanisms of tumour initiation and is not limited to cSCCs but already observed in AKs. Telomere shortening has been associated with tumour progression, increasing from in situ forms (AK and BD) to invasive cSCC.
At the germline level, the current available literature does not allow to define if there is any association between telomere length and cSCC, with two population-based studies reporting no association and one hospital-based study showing a strong association between decreasing telomere length and risk of cSCC. Telomere length measurement might be a potential risk stratification biomarker for estimating cancer risk.
Telomerase activation was observed in early lesions, AKs and BD, in invasive cSCC and also in peritumoral skin, although its level was significantly lower than in affected skin. In addition, sun-damaged skin showed higher level of telomerase activation compared to sun-protected sites, thus supporting the hypothesis that UV modulates telomerase activity in the skin [16, 73] .
A potential mechanism of TERT re-activation has been attributed to mutations in the gene promoter. Activating TERT promoter mutations have been identified in a high percentage of cSCC lesions, with the majority showing the distinctive UV signature. The mutation rate was higher in invasive cSCC than in in situ cSCC and was recently associated with a poor outcome. Telomerase activity can represent an effective tool for our understanding of cancer etiopathogenesis and in a close future for improving cancer treatment strategies.
The prominent role of telomerase in human cancers has encouraged the development of telomerase inhibitors to suppress tumour growth and gene therapy and immunotherapy have been proposed to potentially control TERT expression in tumours. The development of therapeutic strategies against telomere maintenance cancers might be effective against a vast majority of neoplasias, including cSCC.
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